The results of several recent studies suggest that human umbilical cord blood (HUCB)-derived cells have the potential to undergo neural differentiation both in vitro and in vivo. Transplantation into the embryonic ventricular zone provides a unique opportunity to study the migration and differentiation of nonneural somatic progenitor cells in response to instructive cues within the developing neuroepithelium. We isolated an adherently growing population of HUCB-derived cells expressing CD13, CD29, CD49e, CD71, CD73, CD166, Flk-1, and vimentin but lacking CD34 and CD45. On transplantation into the ventricles of embryonic day 16.5 rat embryos, these cells formed subventricular clusters that extended into a variety of host brain regions, including striatum, cortex, hippocampus, thalamus, hypothalamus, tectum, pons, and cerebellum. Donor cells identified with an antibody to human nuclei or human-specific DNA in situ hybridization maintained expression of their original marker antigens and showed no expression of the neural markers MAP2 and NeuN (neurons), GFAP (astrocytes), and CNP (oligodendrocytes). In contrast to grafted primary neural cells, they remained largely confined to subventricular clusters with little evidence for intraparenchymal integration. Thus, the neurogenic environment of the embryonic ventricular zone does not promote the elaboration of a neural phenotype in HUCB-derived cells.
INTRODUCTION
An increasing number of studies suggest that stem cells derived from distinct organs and compartments can adopt differentiation traits of heterotopic tissues. These include proposed fate shifts from hematopoietic to neural cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and vice versa (12) , bone marrow-derived cells contributing to myocard (13) (14) (15) (16) , skeletal muscle (17) (18) (19) (20) , and hepatocytes (21) (22) (23) (24) (25) as well as multigerm layer differentiation of neural (26) , mesenchymal (27) , and bone marrow-derived stem cells (28) . These and similar findings have raised expectations that stem cells derived from adult regenerative tissues may be exploited for cell replacement in nonregenerative organs (29) .
The interpretation of these results is complicated by the finding that donor stem cells cocultured with other cell types (30, 31) or transplanted into a recipient animal (32) (33) (34) can fuse with host cells. Indeed, there is now an equally increasing number of reports challenging the proposed plasticity of adult bone marrow-derived/hematopoietic stem cells (35) (36) (37) (38) (39) (40) (41) .
Human umbilical cord blood (HUCB) has long been known to contain a fraction of hematopoietic stem and precursor cells that have been successfully used for the treatment of leukemia and other diseases associated with the hematopoietic system (42, 43) . Similar to their bone marrow-derived counterparts, HUCB-derived stem cells have been proposed as a highly plastic donor source capable of differentiation in neural and other cell types (44) (45) (46) (47) (48) . After transplantation into the developing rat brain, HUCB-derived cells have been reported to express neural antigens (49) . Furthermore, several studies point to a potential therapeutic effect of grafted HUCB cells in animal models of stroke (50, 51) , amyotrophic lateral sclerosis (52) , and traumatic brain injury (53) .
A recent report describes an adherently growing HUCBderived cell population that can generate cells expressing marker antigens of osteoblasts, chondroblasts, adipocytes, and hematopoietic and neural cells (54) . In the present study, we set out to study the migration and differentiation potential of this multipotent cell population in response to neurogenic cues. Intrauterine transplantation was used to introduce the cells into the brain ventricles and the ventricular zone of embryonic rats. We reasoned that this environment should provide immediate exposure to instructive cues regulating neurogenesis. Previous studies had shown that neural cells transplanted in this manner can enter the ventricular zone, populate a variety of host brain regions, and adopt region-specific differentiation traits (55) (56) (57) . Donor cells remaining in periventricular clusters, in contrast, maintained their original differentiation (58) . Our results show that HUCB-derived cells transplanted into the ventricle of embryonic rats remain confined to paraventricular clusters and largely retain their original expression profile. Thus, the mechanisms for recruiting neural precursors from the ventricular zone into the brain parenchyma are not sufficient to promote integration of HUCB-derived cells into the developing rodent brain.
MATERIALS AND METHODS

Cell Culture
Adherently growing HUCB-derived cells were prepared as described (54) . Briefly, the mononuclear cell fraction was obtained by Ficoll gradient separation (Biochrom, Berlin, Germany) followed by ammonium chloride lysis of red blood cells. Cells were plated in tissue culture flasks and propagated in low-glucose DMEM with 30% fetal calf serum and 10 27 M dexamethasone (Sigma, St. Louis, MO). Further expansion of the cells was performed in the absence of dexamethasone. The cultures were maintained at 37°C in 5% CO 2 . Before transplantation, the cells were enzymatically dissociated with 0.25% trypsin in phosphate-buffered saline and gently triturated to a single cell suspension.
In Utero Transplantation
Timed pregnant Sprague-Dawley rats (embryonic day [E]16.5) were anesthetized, their abdominal cavities were opened, and the uterine horns carrying the fetuses were exposed. Using fiberoptic transillumination, 5-55 3 10 4 cells (at a concentration of 40,000 to 100,000 cells/mL Hanks balanced salt solution) were transplanted into the telencephalic vesicle of each fetus as described (59) . Injected recipients were placed back into the abdominal cavity for spontaneous delivery. All animal experiments were carried out in accordance with German animal protection laws.
Donor Cell Identification
Live-born recipients were killed in deep anesthesia on postnatal days (P) 0, 9, and 20 and fixed by transcardial perfusion with 4% paraformaldehyde in phosphate-buffered saline. Their brains were removed and processed for cryostat sectioning. To identify engrafted donor cells, 25-mm sections were subjected to DNA in situ hybridization with a digoxigeninlabeled oligonucleotide probe to the human alu repeat element as described (60) . Briefly, sections were treated with 25 mg/mL protease in 2 3 SSC, 5 mM EDTA for 15 minutes at 37°C, dehydrated, and then denatured in 70% deionized formamide in 2 3 SSC (pH 7.0) at 90°C for 12 minutes. After dehydration in cold ethanols, sections were hybridized with the oligonucleotide in 65% formamide, 2 3 SSC, 250 mg/mL salmon sperm DNA overnight at 37°C. Sections were washed twice in 50% formamide, 2 3 SSC (37°C; 10 minutes each) and once in 0.5 3 SSC (37°C; 15 minutes). Hybridized probe was detected with an antibody to digoxigenin. For permanent staining, hybridized cells were visualized using an alkaline phosphatase-conjugated antibody (Roche, Mannheim, Germany, diluted 1:500) (55). Fluorescence detection was performed using a peroxidase-conjugated antibody to digoxigenin (Roche, 1:500) followed by biotinylated tyramide signal amplification (TSA, 1:50; Perkin Elmer, Shelton, CT), according to the manufacturer's recommendation. Positive cells were visualized using fluorescein-or Texas red-conjugated avidin (1:150; Vector Laboratories, Burlingame, CA). Alternatively, human donor cells were identified with an antihuman nuclei antibody (1:5000, MAB1281; Chemicon, Temecula, CA) in combination with the TSA System.
Immunofluorescence Analysis of Donor Cell Differentiation
Specimens were blocked with 10% normal goat serum (NGS) in phosphate-buffered saline and subsequently incubated with antibodies to nestin (MAB5922, 1:100 from Chemicon; and MAB1259, 1:200 from R&D Systems, Minneapolis, MN), GFAP (1:100; DAKO, Hamburg, Germany), O4 Beckman Coulter, Fullerton, CA), CD45 (1:100; DAKO), CD49e (1:100; Beckman Coulter), and Flk-1 (1:100; Santa Cruz, Santa Cruz, CA) in 5% NGS in phosphate-buffered saline. Antigens were visualized using appropriate fluorophoreconjugated secondary antibodies. When used in conjunction with DNA in situ hybridization, all antigens except GFAP and CNPase were labeled before protease digestion using the TSA system as described (61) . Stainings were analyzed on Zeiss Axiovert 2 and LSM 510 laser scanning microscopes.
RESULTS
In Vitro Characterization of the Human Umbilical Cord Blood-Derived Adherent Cell Population
Adherently growing HUCB-derived cell populations were prepared from cord blood samples obtained from a total of 4 full-term donors. Cells growing in monolayer cultures had a fibroblast-like morphology and were immunoreactive to CD13 (aminopeptidase N, Fig. 1A ), CD29 (b-1 integrin, Fig. 1B ), CD49e (a-5 integrin, Fig. 1C ), Flk-1 (VEGFR2), vimentin (Fig. 1D) , and, weakly, CD71 (transferrin receptor), CD73 (ecto-5-nucleotidase), and CD166 (ALCAM). No immunoreactivity was seen with antibodies against the hematopoietic stem cell marker CD34 and the leukocyte common antigen (LCA, CD45) (62) . Cells were also negative for nestin, an intermediate filament typically but not exclusively expressed in neuroepithelial precursor cells, the astroglial marker glial fibrillary acidic protein (GFAP), the oligodendroglial markers CNPase and O4, and the neuronal markers MAP2, b-III tubulin (TUJ-1), and NeuN.
Widespread Distribution After Transplantation Into the Developing Rat Brain
To study the ability of adherently growing HUCBderived cells to respond to differentiation cues within the embryonic ventricular zone, the cells were transplanted into the telencephalic vesicles of E16.5 rats. DNA in situ hybridization with a human-specific alu probe and an antibody to human nuclei were used to detect the transplanted cells. Recipient brains analyzed at P0, P9, and P20 revealed sub-and periventricular clusters of donor cells that extended into a variety of adjacent brain regions, including striatum, septum, hippocampus, cortex, amygdala, thalamus, hypothalamus, tectum, pons, and cerebellum ( Fig. 2A, B) . Although the majority of these clusters were located in close contact to the ventricular wall, some of them were found embedded in the host brain parenchyma. The clusters consisted of tightly packed donor cells (Fig. 2C) , and only very occasional cells were seen emanating from the clusters. Most of the donor cells exhibited a spindleshaped morphology with uni-or bipolar processes. A pronounced variability in number, size, and location of the clusters was noted between individual transplant recipients. Although the tight clustering of the cell bodies and the variability between the host animals precluded a quantitative assessment, an overall decrease in the size of the donor cell clusters was noted with time after transplantation.
Engrafted Human Umbilical Cord Blood-Derived Cells Maintain Their Antigenic Profile
To examine the in vivo differentiation of the HUCBderived precursors, transplanted cells identified by humanspecific DNA in situ hybridization or the antihuman nuclei antibody were double-labeled with a variety of cell typespecific antibodies. Anti-MAP2 and anti-NeuN were used as neuronal markers, and anti-GFAP and anti-CNPase for astrocytic and oligodendroglial differentiation, respectively. None of these markers were detected in the donor cells at all time points examined ( Fig. 3A-I ; Table) . However, the engrafted cells initiated expression of nestin, an intermediate filament typically but not exclusively found in neural precursor cells. At P0, the human-specific antibody to nestin labeled only few processes at the periphery of the cell clusters. At later time points (P9 and P20), the majority of the donor cells within the cell clusters were nestin-positive (Fig. 3K, L; Table) . Many of the nestin-positive cells displayed multipolar processes. We then examined whether the engrafted cells expressed their native markers CD13, CD29, CD49e, Flk-1, and vimentin (Table ; Fig. 4) . Indeed, at all time points examined, the donor cells remained immunoreactive for these antigens. In fact, the prominent expression of these markers would have sufficed to readily identify the engrafted donor cell clusters. Like in vitro, the cells showed no expression of CD34, CD45, and CD68 (not shown).
DISCUSSION
The results of this study show that adherently growing HUCB-derived cells transplanted into the neurogenic environment of the rodent ventricular zone form mostly subventricular clusters in various host brain regions. The donor cells survive for up to at least 4 weeks after transplantation, maintain their original marker expression profile, and show no induction of neuronal, astrocytic, or oligodendroglial antigens.
The Embryonic Ventricular Zone as Neurogenic Fate Inducer
The ventricular zone represents the primary neurogenic matrix of the mammalian brain. During development, neural stem cells within the ventricular zone divide and give rise to daughter stem cells, neurons, and glia. In specific regions such as the anterior forebrain, periventricular stem cells persist beyond development where they continue to generate new neurons throughout adulthood (63, 64) . The results of several studies indicate that precursor cells introduced into the ventricular zone of the developing brain can generate neurons with region-specific differentiation traits (55-57, 60, 65) . Recently, this approach has also been used to incorporate human neurons and glia into numerous areas of the developing rodent brain (60, 66) . Thus, intrauterine transplantation into the ventricle of embryonic rodents provides a unique opportunity to directly expose donor cells to the most potent neurogenic environment of the central nervous system. Unlike any other brain region, the embryonic ventricular zone should provide the ultimate stimuli required for the induction and consolidation of neuronal and glial phenotypes. Indeed, this experimental model has been used to evaluate the capacity of nonneural precursor cells to undergo neural differentiation in vivo (61) .
In the current study, we found that exposure of HUCBderived adherent cells to the rat ventricular zone does not promote neural differentiation. In principle, the lacking induction of neuronal or glial differentiation markers could be the result of 2 reasons: 1) a restricted developmental potential precluding neural differentiation, or 2) insufficient exposure of the donor cells to neurogenic stimuli.
Restricted Potential versus Restricted Exposure
A striking result of our study is the pronounced cluster formation of the transplanted cells. Cluster formation is also observed after transplantation of neural precursors, but unlike in the experiments reported here, clustered neural precursors 
Immunofluorescence analysis of engrafted donor cell clusters (number of immunoreactive clusters/all clusters in n animals examined). Engrafted cells maintain expression of vimentin, CD13, CD29, CD49e, and Flk-1 but fail to induce neuronal (MAP2; NeuN), astrocytic (GFAP), or oligodendroglial (CNPase) markers. Note the induction of nestin in the P9 and P20 recipients.
*, Occasional immunoreactive processes were noted at the periphery of the clusters. P, postnatal day.
give rise to migratory cells that populate the host brain and can undergo regional differentiation (55, 65) . In contrast, we observed only occasional HUCB-derived cells outside the donor clusters. It is conceivable that cluster formation and lack of detachment and migration could result in an insufficient exposure of the donor cells to cues within the host brain. Similar observations have been made with neural cells. After intrauterine transplantation, Magrassi et al found that neural donor cells that remain within periventricular clusters maintain their original identity and fail to undergo region-specific differentiation (58) . In our hands, stringent trituration of the donor cells to a single cell suspension, Ca 2+ -free carrier media, and lower cell concentrations could not prevent cluster formation. The fact that only occasional cells were detected outside these clusters could also suggest that survival of the donor cells depends on a microenvironment generated by the HUCB-derived cells themselves.
Although we did not observe an induction of neuronal or glial marker genes, donor cell clusters in P9 and P20 hosts showed expression of nestin, an intermediate filament typically detected in neural precursor cells (67) . In principle, this observation could suggest that some of the donor cells have embarked on a neural differentiation route but were unable to complete it within the postoperative follow-up period of this study. In vitro, bone marrow-derived cells have been proposed to acquire neural properties within a time period ranging from a few hours (4) to several days (10) . After transplantation into the neonatal mouse brain, marrow stromal cells have been described to undergo neural differentiation within 2 weeks (5). The posttransplantation survival times of up to 4 weeks covered by our study extend these periods. Although HUCBderived cells may not be directly comparable to marrow-derived cell populations, we would expect that our postoperative follow up should be sufficient to reveal an enhanced neuronal or glial differentiation potential of donor cells exposed to the host ventricular zone. At the same time, it is important to note that nestin expression is not restricted to neural cells but also found in a variety of other cell types, including endothelial cells (68) , developing skeletal muscle (69) , hepatic stellate (70) , and Sertoli cells (71) . Thus, the induction of nestin observed in our study does not necessarily reflect the initiation of neural differentiation. This notion is supported by the observation that nestin is also expressed in other bloodborne cell populations such as microglia (72) .
A recent study has used the experimental model described here for the in vivo analysis of adult bone marrow stromal cells (73) . Similar to our results, they found that the grafted cells formed subventricular clusters within the first days after transplantation. At later time points, however, the donor cells were also observed to migrate into the host brain and express neuronal marker antigens. Although these data could point to a neuronal differentiation potential of bone marrow stromal cells, differences in the methods used for donor cell identification (physical markers such as BrdU vs. reliable genetic markers) make it difficult to directly compare the results.
Finally, our transplantation model represents a xenograft paradigm that might be complicated by donor cell rejection and insufficient readout of host-derived signals required for differentiation. Although we observed a decrease in the size of donor cell clusters with time after transplantation, no histopathologic signs of transplant rejection were noted. This is in accordance with previous studies that have shown that immunosuppression is not required for the survival and differentiation of mouse and human donor cells transplanted into the embryonic rat brain (55) (56) (57) 60) .
Is Predifferentiation Required?
In a recent study, Kögler et al showed that HUCBderived adherent cells exposed to an inducing medium initiate expression of a variety of neural marker antigens (54) . It is therefore possible that such a neural prespecification in vitro is required before transplanted HUCB-derived cells can adequately respond to differentiation factors in the embryonic brain. The data of our current study merely indicate that native HUCB-derived adherent cells introduced into the rodent ventricular zone do not undergo advanced neuronal or glial differentiation. Our findings contrast with previous reports on the transplantation and neural differentiation of cord blood-derived donor cells (49, 51) . This also applies to the study by Kögler et al who used transplantation into the adult rat hippocampus to study the differentiation potential of HUCB-derived adherent cells in vivo. In this previous study, individual cells immunoreactive with an antibody to human tau protein were detected dispersed within the host brain tissue (54) . Potential explanations for these apparently diverse observations include the presence of strong neurogenic cues in the adult hippocampus as well as differences in the techniques used for donor cell identification. Overall, our data are compatible with more recent studies showing that HUCB cells transplanted into the subventricular zone of neonatal rats largely retain their identity (74) . Considering the diverse data on the phenotypic plasticity of somatic stem cells (75) , further studies are required to evaluate whether and to what extent cord blood-derived progenitors can give rise to functional neural cells.
